Furthermore, it has been noted that commercial Mel preparations include contaminants, which possess 5-methoxyindole structures, that may cause some side effects. 9 Various methods have been described for the quantification of Mel in several tissues and body fluids: radioimmunoassays (RIA), 10 gas chromatography-mass spectrometry (GC-MS), 11 enzyme-linked immunosolvent assays (ELISA), 12 capillary electrophoresis (CE), 13 and liquid chromatography (LC) with either electrochemical detection (ED) [14] [15] [16] or fluorescence detection (FD). [17] [18] [19] [20] [21] Among these methods, the LC-FD process in conjunction with fluorescence derivatization is perhaps the most highly sensitive; it can achieve an attomol level of detection for endogenous Mel. 21 Although the methods mentioned above allow Mel to be determined, not all of them are useful when seeking to determine the other 5-MIs including Mel precursors and metabolites, such as 5-methoxytryptamine (5-MT), 5-methoxytryptophol (5-MTOL), 5-methoxyindole-3-acetic acid (5-MIAA). The LC-ED method permits the simultaneous determination of these 5-MIs. However, its operation potential is relatively high: for example, amperometric detections are set at a working potential of +0.90 V vs. an Ag/AgCl reference electrode 14, 15 and coulometric detection is set at +0.75 V vs. a Pd reference electrode. 16 Therefore, most electroactive compounds present during this process may become co-oxidized, which causes interfering peaks to appear as well as an intense level of background noise. The fluorescence derivatization method is also unsuitable for simultaneous analysis of the 5-MIs because there is no reactive functional group common to all the 5-MIs in their molecule. Thus, a convenient, robust, highly selective, and sensitive method for the simultaneous analysis of 5-MIs remains elusive.
Previously, we reported highly sensitive and selective methods for the analysis of 5-hydroxyindoles (5-HIs). 22, 23 The 5-HIs may be converted into fluorescent substances upon their reactions with benzylamine, a fluorescence derivatization reagent that is selective for 5-HIs, and then applied to postcolumn fluorescence derivatization LC for the determination of 5-HIs in human plasma 24 and in microdialysis samples obtained from rats 25, 26 and mice. 27 This method is so selective for 5-HIs that it gives no response to 5-MIs.
In the present paper, we report the development of a highly sensitive and selective LC-FD method for the simultaneous determination of 5-MIs based on post-column derivatization, involving electrochemical demethylation followed by fluorescence derivatization (Fig. 1) . We separated the 5-MIs through reversed-phase LC using an isocratic elution and then demethylated them electrochemically, using a coulometric technique, to form their corresponding 5-HIs. Here, we report the optimum conditions of the LC separation, electrochemical demethylation, and fluorescence derivatization for the sensitive and selective determination of 5-MIs. We have used LC in conjunction with mass spectrometry (LC-MS) to confirm the structure of the fluorescent product derived from Mel. Moreover, we have also examined the reactivities of 5-HIs, other indoles, catecholamines (CAs), and their metabolites in the present system.
Experimental
Reagents, solutions, and apparatus 5-MT, 5-MTOL, 5-MIAA, 5-hydroxyindole-3-acetic acid (5-HIAA), 5-hydroxytryptamine (5-HT; serotonin), 5-hydroxytryptophol (5-HTOL) and N-acetylserotonin (NAS) were purchased from Sigma (St. Louis, MO, USA). Mel was purchased from Nacalai Tesque (Kyoto, Japan). Their standard solutions (1 mM) were prepared in aqueous 20% (v/v) methanol, stored at -20˚C, and diluted further with water to desired concentrations immediately prior to use. Benzylamine hydrochloride was purchased from Tokyo Kasei Kogyo (Tokyo, Japan) and used without further purification. All other chemicals were of the highest purity available and were used as received. Deionized and distilled water, purified through a Milli-Q II (Millipore, Milford, MA, USA) system, was used to prepare all aqueous solutions. Uncorrected fluorescence spectra were recorded using an F-3010 spectrofluorometer (Hitachi, Tokyo, Japan) and a 10 × 10 mm quartz cell; spectral bandwidths of 5 nm were used for both the excitation and emission monochromators. Figure 2 displays a schematic flow diagram of the LC system. An isocratic elution was performed using a PU-980 liquid chromatograph pump (Jasco, Tokyo, Japan) equipped with a Rheodyne (Cotati, CA, USA) Model 7125 syringe-loading sample injector valve (20 µL loop). The analytical column used was a CAPCELL PAK 5C18 UG80 (150 × 4.6 mm i.d.; particle size, 5 µm; Shiseido, Tokyo, Japan). The column was maintained at ambient temperature (22 ± 4˚C). The mobile phase was 250 mM sodium acetate buffer (pH 6.5)-acetonitrile-methanol [8:1:1 (v/v)], and the flow rate was 1.0 mL/min. A Coulochem II coulometric monitor (ESA Associates, Bedford, MA, USA) was employed for the electrochemical demethylation of the 5-MIs. This system was equipped with a Model 5020 guard cell (porous graphite), which was always maintained at a potential of +1.5 V vs. the Pd reference electrode to oxidize the electroactive substances present in the mobile phase, and Model 5010 double detector cells (porous graphite) for the electrochemical oxidation and reduction of the 5-MIs. The first oxidation and second reduction cells were maintained at +1.4 and -1.8 V, respectively, versus the Pd reference electrode. The effluent from the electrochemical cells was then mixed with a stream of a reagent solution. The reagent solution was a mixture of acetonitrile, 25 mM sodium tetraborate, and 125 mM sodium hydroxide [2:1:1 (v/v)] containing 2 mM potassium hexacyanoferrate(III) and 20 mM benzylamine; it was delivered by an L-6000 pump (Hitachi, Tokyo, Japan) at a flow rate of 0.5 mL/min.
LC-FD system and conditions
The fluorescence derivatization reaction was performed in a reaction coil (PEEK tubing, 7 m × 0.5 mm i.d.) immersed in a water bath (70˚C).
After fluorescence derivatization, the eluate was passed through a cooling coil (PEEK tubing, 0.5 m × 0.5 mm i.d.). The resulting fluorescence was monitored at an excitation wavelength of 345 nm and an emission wavelength of 480 nm by using an L-7480 spectrofluorometer (Hitachi) equipped with a 12-µL flow cell. Chromatograms were recorded using a D-7500 ChromatoIntegrator (Hitachi).
LC-MS system and conditions
The isocratic LC-MS system consisted of a PU-980 liquid chromatograph pump (Jasco), a Rheodyne Model 7125 syringeloading sample injector valve (20 µL loop), a DG-980-53 online degasser (Jasco), a COSMOSIL 5C18 (250 × 4.6 mm i.d.; particle size, 5 µm; Nacalai Tesque) analytical column, and a Finnigan (San Jose, CA, USA) LCQ ion trap mass spectrometer equipped with an electrospray ionization (ESI) interface. A mixture of 10 mM ammonium acetate buffer (pH 6.0) and acetonitrile [65:35 (v/v)] was used as a mobile phase. The ion source voltage and the temperature of the heated capillary were set at +4.5 kV and 275˚C, respectively. Nitrogen was used as both the sheath gas (85 p.s.i.) and the auxiliary gas (20 p.s.i.). The scan range was set at m/z 100 -1000.
Sample preparation of Mel and NAS derivatives for LC-MS analysis
Each pre-labeled NAS derivative sample was prepared 282 ANALYTICAL SCIENCES FEBRUARY 2006, VOL. 22 according to a procedure as follows. Benzylamine (150 mM, 200 µL), CAPS buffer (100 mM, pH 11.0, 100 µL), and potassium hexacyanoferrate(III) (50 mM, 100 µL) were added to an aqueous NAS solution (10 µM, 200 µL). The resulting solution was maintained at room temperature for 2 min and then applied to LC-MS analysis.
The post-labeled Mel and NAS derivative samples for LC-MS analysis were prepared as follows. Standard solutions of Mel and NAS (1 mM each) were applied to the LC-FD system. The fractions corresponding to each peak of the derivatives were collected in a glass test tube. These solutions were applied to the LC-MS system after concentration.
Results and Discussion

LC conditions
We sought to determine the optimum LC conditions by using a standard solution of four 5-MIs (5-MIAA, 5-MT, 5-MTOL, and Mel; 1 µM each), as listed in Table 1 . The pH of the mobile phase affected both the separation of the 5-MIs and the development of fluorescence. We examined the effect that pH (5.0 -7.5) had on the system by using 250 mM acetate buffer-acetonitrile-methanol [8:1:1 (v/v)]. Among the 5-MIs, only the capacity factor of 5-MIAA was affected by the value of pH; this factor decreased upon increasing the pH in the examined pH range. At a pH of 6.5, we achieved an acceptable separation and maximum fluorescence intensities for all of the 5-MIs tested. The acetate concentration affected the efficiency of the electrochemical demethylation. By varying the acetate concentration within the range 50 -350 mM, we observed that the fluorescence peak areas reached their maximum values at an acetate concentration of 250 mM and remained constant thereafter. Based on these results, we used 250 mM sodium acetate buffer (pH 6.5) for the subsequent experiments. Figure  3 presents a typical chromatogram obtained using a standard mixture of the four 5-MIs. We achieved a good separation of the 5-MI derivatives within 30 min on the ODS column when using isocratic elution with 250 mM acetate bufferacetonitrile-methanol [pH 6.5; 8:1:1 (v/v)] as the mobile phase; the retention times were 5.3 (5-MIAA), 7.6 (5-MT), 21.8 (5-MTOL), and 24.7 min (Mel).
Structural characterization of the derivatives
In this analytical system, we believed that the 5-MIs would most probably become demethylated electrochemically to form the 5-HIs, which would then react with benzylamine in the presence of potassium hexacyanoferrate(III) to produce the fluorescence. To confirm this hypothesis, we subjected the elutes for Mel and NAS, which is a demethylated derivative of Mel, to this process to compare their fluorescence spectra and mobilities in the reversed-phase LC system used for the separation of the pre-labeled derivatized 5-HIs. The fluorescence spectra of the elutes were almost identical in both the shapes and wavelengths of their excitation and emission maxima (345 and 470 nm, respectively). The retention time of the post-labeled derivative of Mel was in good agreement with those obtained for the pre-and post-labeled derivatives of NAS (ca. 34 min).
Furthermore, we used LC-MS with an ESI interface to analyze the structures of the Mel and NAS derivatives (Fig. 4) . Solutions of the post-labeled derivatives of both Mel and NAS and the pre-labeled derivative of NAS were subjected to LC-MS analyses in the positive-ionization mode (upper section). Under selected ion monitoring mode in the scan range of 319.7 -320.7, each peak of the three derivatives was detected at the same retention time ca. 34 min (middle section). The mass spectra for the peaks also provided the corresponding quasi-molecular ion ([M+H] + ) of the expected derivative (319.2 Da) as base peak (lower section).
All of these observations strongly support the notion that the fluorescence derivatization reactions of the 5-MIs occur as indicated in Fig. 1 .
Electrochemical demethylation
In the electrochemical demethylation of 5-MIs, we assumed that the 5-MIs are converted into quinone imines in the first oxidation cell and are continuously reduced to 5-HIs in the second cell.
Two types of electrochemical detectors, amperometric and coulometric, have been utilized in the LC analysis of 5-MIs. The electrode surface area in the coulometric cell has over 50 times the area of a conventional amperometric electrode, with a greatly reduced diffusion distance to the electrode; these improvements provide more efficient oxidations and reductions. Hence, we employed the coulometric detector in this study. From plots of the fluorescence intensity vs. oxidation potential of the different 5-MIs (Fig. 5A ), we chose a potential of +1.5 V for our subsequent analyses. This potential is much higher than the reported values of +0.9 V 14,15 and +0.75 V 16 that have been utilized as applied potentials for the determination of 5-MIs when using LC-ED.
We also investigated the fluorescence intensity as a function of the reduction potential (Fig. 5B) . The fluorescence intensities reached their maxima and remained constant within the range of potentials from -1.5 to -2.0 V, but for potentials higher than -2.0 V we observed an increase in the strength and number of background signals in the chromatograms. From these results, we chose a reduction potential of -1.8 V for all subsequent experiments.
Fluorescence derivatization reaction
The 5-HIs, which are the demethylated analogues of 5-MIs, react selectively with benzylamine in the presence of potassium hexacyanoferrate(III) in weakly alkaline solutions to give their corresponding intensely fluorescent derivatives. 22, 23 Figure 6 displays the effects that the concentrations of benzylamine, potassium hexacyanoferrate(III), and sodium hydroxide have on this derivatization reaction. Using benzylamine in the reagent solution at concentrations greater than 20 mM gave maximal peak areas for all of the 5-MIs we tested (Fig. 6A) ; thus, we utilized 20 mM benzylamine in our subsequent experiments. The concentration of potassium hexacyanoferrate(III) affected the peak areas of all of the 5-MIs tested (Fig. 6B) . We observed that almost all of the maximum peak areas occurred within the 2 -3 mM range; a concentration higher than 3 mM caused an increase in the number of background signals in the chromatograms. Hence, we selected 2 mM potassium hexacyanoferrate(III) for our following analyses. Figure 6C displays the effect that the concentration of sodium hydroxide in the reagent solution has on the derivatization process. When varying the NaOH concentration within the range 25 -200 mM, we obtained the maximal peak area at ca. 100 -150 mM; thus, 125 mM was taken as the optimal concentration. At this concentration, the apparent pH of the final reaction mixture was ca. pH 11.3. A water-miscible organic solvent is required to accelerate the derivatization reaction. We obtained a maximum peak area when using aqueous 50% (v/v) acetonitrile in the reagent solution. We selected the reaction temperature (70˚C) and the length of the reaction coil (7 m) based on the results of previous analyses of 5-HIs. 23 
Calibration graphs, detection limits, and the precision of the method
The relationships between the peak areas and the amounts of the individual 5-MIs were linear (correlation coefficients > 0.995; n = 7) over a concentration range from 2 to 200 pmol per 20-µL injection volume for all of the substances tested. We established the intra-day precision of this process by performing repeated determinations (n = 7) using a standard mixture of the 5-MIs (1 µM). The relative standard deviations were 2.9 (5-MIAA), 5.6 (5-MT), 4.6 (5-MTOL), and 1.9% (Mel). The detection limits (signal-to-noise ratio = 3) were 12 (5-MIAA), 93 (5-MT), 36 (5-MTOL), and 21 fmol (Mel) per 20-µL injection; i.e., the sensitivity of this present method is similar for Mel and 5-MIAA, but slightly lower for 5-MT and 5-MTOL, with respect to the results obtained when using the LC-ED method. 16 
Reactivity toward 5-HIs and other compounds
We studied the reactivity of this system toward 5-HIs, catechols, and methoxyphenols. Each compound we tested provided a single peak in the chromatogram. Table 2 hydroxylation of each indole skeleton at its 5-position and the subsequent fluorescence derivatization with benzylamine and potassium hexacyanoferrate(III). In contrast, 4-HI and 6-HMel gave fluorescent peaks even when we applied no potential. Therefore, we believe that the structures of their fluorescent derivatives may be different from those obtained from the 5-MIs and 5-HIs, but they remain unknown. None of the following biological compounds, each at a concentration of 10 µM, afforded any peaks when we subjected them the present conditions: the essential L-amino acids except Trp, nucleic acid bases (adenine, guanine, thymine, cytosine, and uracil), other acids (L-ascorbic acid, uric acid, hippuric acid, and nicotinic acid), sugars (D-glucose, D-fructose, D-galactose, D-ribose, D-xylose, D-mannose, and N-acetyl-D-glucosamine), vitamins (B6, D3, and P), and other miscellaneous compounds (vanillin, creatinine, cholesterol, cortisone, and acetylcholine). These results suggest that this derivatization method is usefully selective for the 5-MIs and 5-HIs.
Conclusions
We have successfully applied the highly selective and sensitive reaction of 5-HIs with benzylamine to the post-column derivatization of 5-MIs, including melatonin, by introducing an electrochemical demethylation step. This LC method is comparable, in terms of its sensitivity, to LC-ED methods reported to date, and it has a high selectivity because of the highly selective fluorescence derivatization reaction. This paper is the first to report the simultaneous determination of several 5-MIs after fluorescence derivatization. We believe that this analytical approach may become a powerful tool for the analysis of various pharmaceutical and biological samples. Analysis of indole-type impurities contained in commercially available synthetic Mel is now in progress.
